Abstract-Motivated by reservation based multiple access protocols in satellite networks, in this paper we consider discrete time queueing models in which t h e allocation of a server t o t h e queue/s is based on delayed queue length information. Service allocations are made at frame boundaries, and in general a frame consists of several slots, each of which can carry one packet. We analyse a model in which t h e service allocation at each frame boundary is based on t h e most recently observed queue length. In this model t h e queue length process is a Markov chain of order A + 1, where A is the round trip delay in frame times. An interesting aspect of this model is t h a t bandwidth allocations go waste, since t h e queue t o which bandwidth is allocated may not have t h a t many packets. For t h e case of a single node, independent and identically distributed arrivals, and when each frame has one slot, we a r e able t o obtain explicit expressions for t h e generating function of t h e stationary queue length. A decomposition formula similar t h a t found in vacation models is shown t o hold. We use simulations t o study t h e case of multiple slots per frame, and t h e case of two nodes. We also examine a model in which t h e bandwidth scheduler bases its allocations on t h e most recently observed queue length, and on t h e past allocations already made. We show how t h e mean queue length, t h e coefficient of variation of queue length, and t h e average wasted reservations vary with arrival rate, and t h e round t r i p delay A.
I. INTRODUCTION
It is well known that the performance of contention based multiple access protocols deteriorates with increasing link speeds and propagation delays. Hence in high-speed networks that span large distances (e.g., metropolitan area optical networks, or satellite networks) conflict free multiple access protocols are used. Further, among conflict free access protocols, for packet switched transport, and where bandwidth reservation and quality-of-service guarantees are required, reservation based multiple access protocols are the most effective (see [ 6 ] ) . In such situations, the nodes contending for the shared bandwidth send reservation requests to a central scheduler, which considers all the requests and the available bandwidth, and makes explicit allocations to each of the requesting nodes ([2] , [5] , [8] . Owing to large propagation delays (often several frames (see [3])) in such networks, the central scheduler has to work with "stale" information, and there is several frames of delay between a node making a request and being allocated bandwidth.
In this paper we consider queueing models that arise from reservation bandwidth access with large propagation delays. The link is organised into periodic frames, each with an equal number of slots, each of which can accommodate one packet. Such would exactly be the case for a satellite ATM link ([2] ). The round trip time is taken to be A frame times, where A E {0,1,2,. . .}. We first consider a single node, and assume that, in each frame, the bandwidth reservation scheduler allots bandwidth to this single queue based on the most recently observed queue length. For independent and identically distributed (i.i.d.) arrivals in each frame, the queue length at the node is a (A + 1)th order Markov chain. We work with the (A+l)th order moment generating function for this Markov model. We carry out this analysis, and present explicit formulas for some cases. A decomposition formula similar to that found in vacation models is shown to hold. The model assumes that the scheduler bases its allocation on the most recently observed queue length at the scheduler; i.e., it does not take into account the allocations already made. An important issue in this scheme (Scheme 1) is that, since the bandwidth allocation is based on delayed information, bandwidth allocation in a frame may actually not get utilised, since by then the queue has emptied out. For comparison, we present simulation results for another scheme (Scheme 2 [l]) in which the scheduler also accounts for the reservations already made; the scheduler reserves bandwidth in a frame only if it is absolutely sure, given the previous allocations, and delayed queue lengths, that the allocated bandwidth will not go waste.
We study the effect of varying the frame size, for a fixed propagation delay. Based on our analysis and simulation, we find that it is better to use shorter frames; this is to be expected, since with shorter frames, the scheduler gets more frequent feedbacks.
For more than one node, the exact analytical approach is hard even without the complication of propagation delays. Jn this paper we only present simulation results, for the two queue model with propagation delays. Also here we only consider Bernoulli arrivals. An approximate analytical approach for more than one queue, and simulation results for more realistic traffic (on-off variable bit rate, and window flow controlled (as in TCP)) are presented in [4] .
QUEUEING MODELS WITH SERVICE RESERVATION
Reservation requests for slots in future frames are made by nodes at the beginning of each frame. We do not con- sider the problem of multiple access to the reservation request slots, and assume that each node can send reservation control information in every frame ([8] ). There is a central reservation scheduler that allocates reserved slots t o the transmitter on the uplink. We can generalize the notion of a "reservation" being requested by a node to "information" being sent by the node (e.g., current queue length), on the basis of which the reservation scheduler can decide how much bandwidth to reserve. The delay between the epoch that a reservation request is transmitted to the reservation scheduler, and the reservation allocation is received by the node is taken to be an integral number of frames denoted b y A = O , 1 , 2 ,.... In Figure 1 we show the interaction between the central reservation scheduler and two queues, whose queue lengths are denoted by X and Y . The diagram assumes that the delays are the same for both the transmitters. XI, and Yk represent the queue lengths at the transmitters at the beginning of frame k . Observe that a reservation request (or. queue length information) sent by the transmitters at the beginning of frame k , arrives at the scheduler after A/2 frames, and the resulting bandwidth allocation reaches the nodes at the beginning of frame k + A. We can thus view the model as if at the beginning of each frame the number of slots alloted to each queue depends on at least A frames old queue history.
The following notation and assumptions hold throughout the paper: each frame has a service capacity of c slots; reservations are only alloted at frame boundaries, and any arrivals in a frame only get served in the next frame or later; at each node the number of packet, arrivals in the frames are i.i.d. random variables, {Ak}, with Prob(Ak = i) = ai, 0 5 i < 00; let the generator function of this probability mass function be represented by ?L(u), i.e., 6(u) = CEO ajui.
We consider two schemes that the scheduler could use to allocate bandwidth: Scheme 1: The allocation in slot k is based on the queue length information upto slot IC -A. The scheduler does not account for the allocations that it has already made; thus there is a possibility of allocating bandwidth to an empty queue. Scheme 1 can be taken to correspond to the situation in which A is not known at the scheduler, and a naive allocation based on observed queue lengths is made. Scheme 2: Bandwidth allocation in slot k is made based on subtracting the total amount of bandwidth allocation made to a queue during the previous round-trip delay (A slots) from the known queue length for the queue. Obviously in this scheme bandwidth is never wasted, but bandwidth may not be allocated even if new packets have arrived during the delay period.
For the case of a single node, we provide an analysis of Scheme 1, and evaluate some expressions for c = 1 and small A. Scheme 2 is analysed in [l] . Simulation results are used to study and compare the two schemes for larger frame capacities and delays, and for the two queue case.
SINGLE NODE ANALYSIS A . The General Model
The frame boundaries are indexed by IC, k = 0 , 1 , 2 , . . .;
by the kth frame we mean the frame whose boundaries are indexed by k and k + 1. Consider a single node, and let XI, 
. . , X A ) , it is easy to
To obtain the stationary probability distribution we take 1, 1, . . . , 1, U ) . Setting limu.+l ij ( 1,1, . . . , 1, U ) = 1 (i.e., the invariant vector is summable), and using L'Hospital's rule, we get 1 -6'(l) = 3(1,,. . , 1,O) + g(0, 1 , . . . , 1) -j ( 0 , 1,. . . ,1,0) (7) We have E A = 6'(1), and for stationary { X k } ij(1,. . . , 1,0) = jj (O,1,. . . , 1) = Prob(Xk = 0 ) for all k;
ing that ~r o b (~k = o 1 Xk-A = 01 = j w , we define this conditional probability to be f(6); i.e.,
Then from (7) we can write From (8) and (9) it follows that
For obtaining the values of f(6) and h(6) we need For this case, we find that (see [7] for details)
C. Arbitra y c and A
The case c = 1,A = 3 has been worked out in [7] . The case c > 1 with A 2 1 has also been studied in [7] ; each case, however, has to be worked out separately, and no general procedure appears to be available for obtaining the equations that need to be solved for each case. In order to study a wider range of parameters than what the analysis can be evaluated for, we have used simulations.
IV. SINGLE NODE: SIMULATION RESULTS

Plate
The system was simulated for a fixed A (in slots, i.e., the link speed and propagation delay are fixed), for Bernoulli arrivals, and varying frame lengths (i.e., c ) , for the reservation schemes Scheme 1 and Scheme 2. The objective here is to see the variation of the expected queue length and the co-efficient of variation ( d w ) , for fixed propagation delay, and varying frame lengths and arrival probabilities for the two schemes. These results are interesting since reservation requests are only made a.t frame boundaries; shorter frames imply that the scheduler gets feedback more often and reservations are made more often. In the simulation model the arrival epochs are embedded at slot boundaries.
In Figures 2 and 3 , we provide simulation results for A = 32, and c = 1,2,4,8,16,32. We observe that for both schemes average queue length increases with increasing frame length. This is to be expected since with increasing frame length, packets queue up for longer to get service, and the service allocation is more bursty. For a given arrival rate the queue lengths are much higher for Scheme 2; this is because, by only allocating bandwidth when the scheduler is sure that the queue is not empty, often bandwidth is not allocated even when there are packets waiting. Notice that, in Scheme 1, where there is a possibility of bandwidth wastage, the average nonutilised bandwidth decreases with increasing frame length; with large frame lengths, there is greater probability that if the past queue length is large then the bandwidth alloted will not be wasted. The coefficient of variation of the stationary queue length decreases with in-creasing arrival rate, and with increasing frame length; the decrease with frame length may partially be explained by the fact that the coefficient of variation of the arrival process over the frame length decreases with the frame length.
V. T w o NODES: SIMULATION RESULTS
In this section, we explore, via simulation, a two node model as a representative of the multiple nodes problem, consists of a single slot (i.e., c=l). The arrival rates to the two nodes are taken to be equal. The slot in each frame is alloted to the longer of the two eflective queue lengths as per Scheme 1 or Scheme 2. Figures 4 and 5 show the simulation results with two nodes for Scheme 1 and Scheme 2 respectively. The following observations are evident: for a given arrival rate, the mean queue length increases with increasing A, since the "vacations" taken by the server are longer; the mean queue length is larger for Scheme 2; the coefficient of variation of the queue length decreases with increasing A, and with increasing arrival rate; for Scheme 1, the average wasted bandwidth increases with increasing A; the wasted bandwidth first increases and then decreases with increasing arrival rate. Comparing with Figure 2 , it can be inferred that if A is fixed, then the wasted bandwidth will decrease with as the arrival rate approaches the stability limit (0.5 for each of the two queues, and 1 for a single queue) the mean queue length tends to infinity, whereas in the single node case the mean queue length tends to a finite value. The reason for this is that with c = 1 and a single queue as the arrival rate approaches 1 a service is guaranteed at each slot, and there is at most one arrival in each slot; in the two queue case, there is uncertainty in the service allocation to each queue as only half the service effort is alloted to each queue, on the average. 
